In this paper we investigate the effects of the temporal variation of pollution dispersion, traffic flows and vehicular emissions on pollution concentration and illustrate the need for temporally differentiated road pricing through an application to the case of the congestion charge in Stockholm, Sweden. By accounting explicitly for the role of pollution dispersion on optimal road pricing, we allow for a more comprehensive view of the economy-ecology interactions at stake, showing that price differentiation is an optimal response to the physical environment. Most congestion charges in place incorporate price bans to mitigate congestion. Our analysis indicates that, to ensure compliance with air quality standards, such price variations should also be a response to limited pollution dispersion.
I.

Introduction
Air pollution from road transportation and its health impacts are considered to be among the most important challenges facing sustainable development in many places around the world (WHO 2005) .
For instance, it is estimated that, just in Europe, exposure to urban pollution will cause a loss of 210 million life-years and 18 000 premature deaths in 2030, and that a significant fraction of these deaths and a range of other adverse effects on health are attributable to transport-related air pollution (IIASA 2012 and WHO 2013) .
Road pricing is considered to be an effective way of reducing vehicular emissions. Up to date, pricing schemes have been proposed and applied in many cities worldwide, as for instance, Singapore, London and Stockholm. Though road pricing can play an important role reducing traffic flows, the possibility of reducing emissions does not only depend on the emission rates of pollutants, but also on the assimilative capacity of the environment. This is defined as the capacity of an environment to cleanse itself after receiving a determined level of emissions, by degrading or dispersing the emissions and converting them into substances that are harmless to humans or ecosystems. In the case of urban air pollution, the assimilative capacity is mainly driven by the meteorological factors that govern air mixing and thus dispersion of the pollutants. Due to the large temporal variation of these meteorological factors, there is a strong day-to-day and diurnal variation in the assimilative capacity, in addition to the variation in hourly traffic flows and vehicular emissions (Hayas et al. 1981 , Viana et al. 2005 , Mikhailuta et al. 2009 , Toth et al. 2011 and Kim et al. 2012 .
In this paper we investigate the effects of the temporal variation of the assimilative capacity on pollution concentration and illustrate the need for temporally differentiated road pricing through an application to the case of the congestion charge in Stockholm, Sweden. To the best of our knowledge, this is the first study analyzing how the variation in air mixing and pollution dispersion should be accounted for in road pricing. Most previous studies of urban road pricing have focused on its role in relieving congestion. Only recently, attention has turned toward using road pricing as an instrument to improve air quality (Verhoef 2000 , Small and Yan 2001 , Anas and Lindsey 2011 and Chen and Yang 2012 . Regarding optimal environmental road pricing 1, 2 , perhaps the most closely 1 Previous studies have investigated optimal road pricing under demand and capacity fluctuations (See for instance Yildirim and Hearn 2005) . Furthermore, the rarity of state-dependent pricing has been rationalized in multiple contexts, including situations where infrastructure and operating costs are (still) too high for it to be cost-effective (See for instance Levinson and Odlyzko 2008) as well as loss aversion with respect to tolls and usage conditions (Lindsey 2011) . Legal barriers that prevent charges being varied are also a potential explanation for the absence of state-dependent pricing. 2 Notably, Zhang et al. (2005) and (2008) analyze how individuals adjust their travel schedules in response to the occurrence of congestion and congestion-mitigation measures, such as road pricing and parking pricing. The results in Zhang et al. (2008) indicate that morning road tolls results in an optimal arrival traffic pattern to related work is Johansson-Stenman (2006) , who developed a theoretical framework to study the optimal road charge when congestion increases road users' fuel and wear-and-tear costs, as well as the emission release by automobile per km. He showed that optimal road charges should take account of all these dimensions: road users should pay not only for the direct time and environmental costs that they impose, but also for the increase in other road users' fuel costs, wearand-tear costs and exhaust emissions.
His work differs from ours in two important ways. First, unlike his study, in ours, price differentiation is an optimal response to the physical environment; higher fees at a certain time of the day are optimal since they discourage traffic when the assimilate capacity is constrained. By accounting explicitly for the role of the assimilative capacity on optimal road pricing, we allow for a more comprehensive view of the economy-ecology interactions at stake. Second, the feasibility of the policy insights derived from the analysis. Practical road-pricing systems must reflect trade-offs between allocative efficiency and simplicity. While it remains unfeasible to differentiate congestion charges according to the indirect effects caused by road users, most congestion charges in place do resemble variable price schemes to some extent as they incorporate price bans to mitigate congestion.
3 Our analysis indicates that such price variations should also be a response to limited air mixing resulting in reduced assimilative capacity.
This paper is organized as follows. Section 2 describes general patterns of air pollution in some cities around the world. Section 3 introduces a congestion charge that takes into account the role and dynamics of the assimilative capacity in Stockholm (Sweden), where a congestion charge was introduced as a trial in 2006 and permanently in 2007. We start out from the scheme currently in place and look for modifications that would be consistent with the air quality standards (hereinafter AQSs) for nitrogen dioxide (NO 2 ) and particulate matter (PM 10 ) concentrations (hereinafter denoted as [NO 2 ] and [PM 10 ]) and the meteorological factors that govern air mixing and dispersion of air pollutants through the day. Finally, Section 4 discusses the main results and concludes the paper.
the bottleneck and the economic benefits are twofold: it makes parking spots less competitive in the morning commute, and thus reduces the schedule delay cost by shortening the morning rush hour to the minimal value while it also eliminates the queuing delay. 3 Congestion charges can be classified as uniform (charge is constant over the entire application period), quasiuniform (charge is constant over a specific time period and zero otherwise) and variable (charge is timevarying). See Wie and Tobin 1998 and Joksimovic et al. 2005 for further discussion.
II.
Temporal variation of air pollution and assimilative capacity
Understanding urban air pollution due to road transportation is complex because several factors affect pollutants' dynamics and air quality. Air pollution levels from road transportation depend on polluters' type and number, meteorology, topography including the arrangement of houses along streets and traffic routes, driving patterns, and sectorial policies in place. Because the levels and particular causes of pollution vary from one city to another, we present a sample of cities around the world to highlight the main patterns of diurnal variation of air pollution. Our choice is based on availability of data and the importance of traffic-related air pollution: it includes heavily polluted as well as cleaner cities. As shown in Figure 1 (Bell et al. 2006) .
For all cities, we used hourly data on pollutant concentrations from the national Air Quality Networks to describe the average daily profiles of concentrations. In each case, we selected monitoring Arain et al. (2007) for Toronto (Canada) , and by Kim et al. (2012) building to the peak. In addition, morning traffic peaks coincide with peaks of [PM 10 ], but the afternoon traffic peak shows a comparatively lower level of [PM 10 ]. This could be explained by the diurnal wind pattern. Higher wind speeds in the afternoon tend to disperse the emitted particles better, resulting in a lower [PM 10 ]. Alternatively, the contribution of non-traffic related sources is larger during off-peak traffic hours, which would explain for, example, the high [PM 10 ] in Stockholm at midday when traffic is at a dip.
The imperfect correlation between pollution concentrations and traffic flows observed for our cities is consistent with scientific literature reporting that the effect of road transportation emissions on concentrations is critically affected by changes in the assimilative capacity, which is heavily influenced by meteorological conditions (Holst et al. 2008 , Rost et al. 2009 and Jones et al. 2010 ). For instance, anticyclonic weather and temperature inversions near the ground favor high pollutant concentrations. During these conditions, a stagnant layer of air traps air pollutants near the ground, impeding pollutant dispersion (Grunström et al. 2011) .
What are the implications of the strong variation in dispersion/assimilative capacity for optimal road pricing? The optimal management of a pollutant requires policies that restrict emissions when they cause the most damage, while inducing behavioral adjustments leading to relatively higher emissions when the assimilative capacity of the environment is larger. In the following section, we illustrate the dynamics of a congestion charge consistent with the variation in assimilative capacity in the case of air pollutants for which concentrations allowed under AQSs are regularly exceeded along densely trafficked streets of Stockholm (Johansson et al. 2009 ).
III. Differentiated Road Pricing: An Application to the Case of Stockholm
Our methodology is based on the following steps. Firstly, using data for From a theoretical point of view, it would be optimal to implement a time-varying congestion charge that takes account not only of variation of the assimilative capacity throughout the day but also across days. However, from a practical point of view, the main purpose of the congestion charge is to ensure that in deciding when or whether to travel or by which route, travellers take account of the costs that their travel choice will impose on others. If the congestion charge is to fulfill this price signaling function, it is essential that it is known accurately by each traveller before they make their travel choices. For this reason, and to keep the administrative costs low, it may be desirable to maintain the daily time-varying pattern for a certain part of the year.
We chose to develop our estimations per season because it allows us to characterize major variations in the assimilative capacity due to seasonal variation in meteorological conditions, while maintaining the potential for policy implementation of our results.
This section is organized as follows. Firstly, we briefly describe the main features of the congestion charge in place and its effect on reducing congestion and pollution to date. Secondly, we present the model employed to characterize the dynamics of assimilative capacity during the day and its effects on pollution concentration. Thirdly, we compute our estimates of the time-varying charge that account for variations in the assimilative capacity.
Stockholm's Congestion Charge
The congestion charge in Stockholm is a cordon toll system that surrounds the entire city center, with a total area of approximately 35.5 km 2 . It was implemented on 1 August 2007 with the purpose of reducing both traffic congestion and emissions. It is incurred both at entry into and exit from any of the 18 entry and exit points between 6.30 and 18.30. It has three price bands, depending on time of the day, which makes it a variable price scheme. The charge is higher when congestion is expected to build up to a peak and lower at other times of the day. Thus, the cost of passing the cordon on week days is SEK 20 (approx. € 2) during peak hours (7:30-8:30, 16:00-17:30), SEK 15 (approx. € 1.5) during the shoulders of the peaks (30 minutes before and after peak periods: 7:00-7:30, 8:30-9:00, 15:30-16:00 and 17:30-18:00) and SEK 10 (approx. € 1) during the rest of the period (6:30-7:00 and 9:00-15:30). The charge is levied in both directions, and the maximum total charge per day is SEK 60
(approx. € 6). There is no charge in the evening or at night; on Saturdays, Sundays, public holidays or the day before such a holiday; or during the month of July.
Vehicles are registered and identified automatically by taking a photograph of their number plate, which is analyzed using Optical Character Recognition technology. Payment is made monthly after an invoice is sent to the registered owner of the vehicle.
The charge has been in place for more than five years, and measurement of the effects has been extensive (Börjesson et al. 2012 , Eliasson 2008 , Karlström and Franklin 2009 and Kristofferson 2013 . Studies have shown that traffic over the taxed cordon was reduced significantly after the permanent implementation of the charge (approximately 18.75% over the period [2008] [2009] [2010] [2011] . The congestion charge also proved to have a significant effect in reducing journey times: queuing times were reduced to half during morning peak in the inner road system subject to taxation, whereas there was no increase over the 2007 and 2008 traffic levels in the inner city, suggesting that there was no tendency to increase use of road space free from congestion charge.
Moreover, emissions from traffic were also reduced (the estimated reductions of air-borne pollutants inside the cordon varied from 10% to 14%). The number of traffic accidents was reduced as well, contributing to an increase in traffic safety, both in terms of fatal accidents and severe injury accidents.
6 6 There is some evidence of the morning peak of traffic spreading toward a later departure time due to the charge (Kalström and Franklin 2009). Changes in departure time are important in the context of equity and redistribution, as the poor may be less flexible in departure time than the rich. This aspect is, however, beyond the scope of our study.
The Dynamics of the Assimilative Capacity
Using information on hourly pollutant concentrations, wind speed and traffic flow obtained from the (Rost et al. 2009 and Jones et al. 2010) and that the relationship is strongly non-linear. Rising wind speed (A t ) to the power of k 3t allows for this non-linearity. Moreover, the probability that concentrations will exceed the AQSs depends strongly on both traffic flows and wind speed. As seen in Figure 2 , for the highest wind speed interval (i.e., wind speed larger than 8 m/s), the probability of exceeding the concentration allowed under the AQS for [NO 2 ] is almost zero, even for large traffic flows. For [PM 10 ], the relationship is less clear, since, at low wind speeds, the small combustion particles are likely to be predominant, while the fraction of dust particles will increase at higher wind speeds.
[PM 10 ] is also sensitive to precipitation, which the model does not take into consideration (Holst et al. 2008 and Rost et al. 2009 most significantly within cities (Rost et al. 2009 and Jones et al. 2010) ; the absence of precipitation and low values of the mixing layer height lead to comparatively high PM 10 levels. Because wind speed normally varies with height, in this study we use the average wind speed through the mixing depth as a convenient representation of the horizontal transport of air within the mixing layer.
occurring across seasons. Thus, though precipitation might affect the level of pollution concentration (which is captured through 1 ), it does not explain its variation throughout the day. Moreover, for both pollutants, several of the time-variant coefficients associated with wind speed are statistically significant, which happens at times when the highest concentrations or concentrations exceeding permissible levels occur. The variation in size of these coefficients also supports the presence of different effects of wind dispersing pollutants throughout the day.
9 Nonlinear Least Squares consists of minimizing the sum of squared residuals of the nonlinear regression. The estimates are computed by numerical methods. This approach has been widely used in transport economics (see Bolduc et al. 2013 , Moghadam and Livernois 2010 , and Chou 1993 for some applications).
The overall performance of the model was alsstatistically evaluated using the Likelihood Ratio Test (LR). We also performed LR tests of the null hypothesis that k 3 is a time-invariant coefficient versus the alternative hypothesis that k 3 varies over time as in specification (6). Note that in order to forecast the traffic flow, we need to feed our formula with the parameters estimated in the previous section, and the mean values of wind speed for each hour of the day per season. Because the prediction is based on the mean hourly value of wind speed, this method does not take account of the variability of wind speed and its effects on pollution concentration. To ensure that the traffic flows are consistent with concentrations that do not exceed permissible levels under AQSs, we estimate the empirical relationship between the pollutants' concentrations predicted by 10 Note that our analysis is performed on an hourly basis. In the case of [NO 2 ], this is consistent with the time frame of the AQS, which is defined as a maximum concentration per hour. In the case of [PM 10 ], however, the standard is defined as a 24 hour average. There are many profiles of concentrations per hour consistent with such a standard. To keep the analysis simple, we only focus on the case where the hourly concentration of PM 10 does not violate the standard at any hour of the day. This precautionary approach is nevertheless consistent with evidence from toxicological and clinical studies showing that peak exposures of short duration to PM 10 (ranging from less than an hour up to a few hours) lead to immediate physiological changes. of traffic flows to the congestion charge η . In calculating the elasticity, we follow the methodology by Börjesson et al. (2012) , who compute the elasticity in response to the congestion charge as , where (F 2010, P 2010 ) and (F 2005 , P 2005 12 In 2007, the charge became tax deductible for those commuters travelling more than 5 km and who could save at least one hour compared to public transportation one way; this applied to approximately 8% of all car trips across the cordon. They were granted a 60% charge reduction. Moreover, ''company cars'' (i.e., companyowned cars used by an employee for both work-related and private purposes), which account for 23% of all vehicles crossing the charging cordon, receive at least a 60% reduction of the congestion charge, and about 20% of all company cars pay no charge at all. require the charge to be increased for all seasons and most hours of the day. In relative terms, a much larger increase is needed in spring. The increment should be also larger in the morning to offset the negative effect of reduced assimilative capacity on pollution concentration; in the case of spring, the charge should more than double during morning peak hours. The increment in the charge should be smaller for the remaining seasons due to increased pollution dispersion resulting from more favorable meteorological conditions and, in the case of summer, much reduced traffic flows.
The seasonal dynamics of [PM 10 ] is the main driver behind the need for an increased charge in spring, while [NO 2 ] explains the need for an increased charge for the remaining seasons. The need for a larger time-varying congestion charge in spring coincides with an increased contribution of PM 10 emissions by other sources, such as suspended road dust and pollen fragments. Our results indicate that, in order to achieve the same AQS for [PM 10 ], a much larger contribution to reductions from road transportation is required to compensate for the increased emissions coming from other sources. Table 1 ). Thus, the time varying congestion charge would generate significant benefits due to improved air quality and avoidance of EU fines at expenses of a (relatively) minor reduction of congestion charge's revenues. Clearly, the implementation of such a fee would also generate a series of other positive side effects as the reduction of congestion, travel times and traffic accidents though at expense of a reduction of drivers' consumer surplus due to increased travel costs due to the charge. 
IV. Conclusions
Considering the urgency of improving air quality in many countries around the world, it is important to use environmental policy instruments that restrict emissions when they cause the most damage.
In this paper, we suggest a congestion charge that takes account of the economy-ecology interactions at stake in Stockholm, Sweden. A distinguishing feature of our analysis is that the timevarying charge depends on the rate at which pollution is dispersed. Our results indicate that, in order to achieve the AQSs, the congestion charge should be increased for all seasons and most hours of the day. Moreover, there is important variation in the level of the time-varying charge per season; the level should be larger in spring due to less favorable meteorological conditions for pollution dispersion and increased contribution from pollution sources other than vehicle exhaust. Regarding the daily profile, during most seasons a larger charge is also needed in the mornings to offset the negative effects of the limited assimilative capacity. The charge would not only ensure compliance with AQSs, but it would also result in sizeable reductions of [NO 2 ] and [PM 10 ] for all seasons.
In our analysis, we have modeled the dynamics of the relationship between pollution concentration and traffic flows in the specific case of Stockholm in a simplified way. For instance, we disregard spatial considerations and investigate the cordon-based congestion pricing problem consistent with the compliance of AQSs in a mono-centric city. In addition, our time varying is not designed to maximize social welfare but to ensure compliance with AQSs. Further research would be needed to explore these issues. Nevertheless, this study provides a useful starting point for assessing the role of the assimilative capacity on optimal road pricing. Moreover, the basic principles and the methodology developed in this paper could be easily adapted to other cities. In some cases, this might require inclusion of further meteorological variables in the analysis, for example precipitation in the case of [PM 10 ] where wind speed has a strong diurnal or seasonal pattern. Even if this might impose additional challenges, such information is available for most countries.
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